abbreviatioNs AVM = arteriovenous malformation; BOLD = blood oxygen level-dependent; ESM = electrocortical stimulation mapping; fMRI = functional MRI; LI = lateralization index; WHO = World Health Organization. submitted March 21, 2014. accepted December 9, 2014. iNclude wheN citiNg Published online February 6, 2015; DOI: 10.3171/2014.12.JNS14629. disclosure The authors report no conflict of interest concerning the materials or methods used in this study or the findings specified in this paper. Grants 2012CB825505 and 2011BAI08B08, awarded obJect Cerebral arteriovenous malformations (AVMs) are congenital malformations that may grow in the language cortex but usually do not lead to aphasia. In contrast, language dysfunction is a common presentation for patients with a glioma that involves language areas. The authors attempted to demonstrate the difference in patterns of language cortex reorganization between cerebral AVMs and gliomas by blood oxygen level-dependent (BOLD) functional MRI (fMRI) evaluation. methods The authors retrospectively reviewed clinical and imaging data of 63 patients with an unruptured cerebral AVM (AVM group) and 38 patients with a glioma (glioma group) who underwent fMRI. All the patients were right handed, and all their lesions were located in the left cerebral hemisphere. Patients were further categorized into 1 of the 2 following subgroups according to their lesion location: the BA subgroup (overlying or adjacent to the inferior frontal or the middle frontal gyri [the Broca area]) and the WA subgroup (overlying or adjacent to the supramarginal, angular, or superior temporal gyri [the Wernicke area]). Lateralization indices of BOLD signal activations were calculated separately for the Broca and Wernicke areas. Statistical analysis was performed to identify the difference in patterns of language cortex reorganization between the 2 groups. results In the AVM group, right-sided lateralization of BOLD signal activations was observed in 23 patients (36.5%), including 6 with right-sided lateralization in the Broca area alone, 12 in the Wernicke area alone, and 5 in both areas. More specifically, in the 34 patients in the AVM-BA subgroup, right-sided lateralization of the Broca area was detected in 9 patients (26.5%), and right-sided lateralization of the Wernicke area was detected in 4 (11.8%); in the 29 patients in the AVM-WA subgroup, 2 (6.9%) had right-sided lateralization of the Broca area, and 13 (44.8%) had right-sided lateralization of the Wernicke area. In the glioma group, 6 patients (15.8%) showed right-sided lateralization of the Wernicke area, including 2 patients in the glioma-BA subgroup and 4 patients in the glioma-WA subgroup. No patient showed right-sided lateralization of the Broca area. Moreover, although the incidence of right-sided lateralization was higher in cases of low-grade gliomas (5 in 26 [19.2%]) than in high-grade gliomas (1 in 12 [8.3%]), no significant difference was detected between them (p = 0.643). Compared with the AVM group, the incidence of aphasia was significantly higher (p < 0.001), and right-sided lateralization of language areas was significantly rarer (p = 0.026) in the glioma group. coNclusioNs Right-sided lateralization of BOLD signal activations was observed in patients with a cerebral AVM and in those with a glioma, suggesting that language cortex reorganization may occur with both diseases. However, the potential of reorganization in patients with gliomas seems to be insufficient compared with patients AVMs, which is suggested by clinical manifestations and the fMRI findings. Moreover, this study seems to indicate that in patients with an AVM, a nidus near the Broca area mainly leads to right-sided lateralization of the Broca area, and a nidus near the Wernicke area mainly leads to right-sided lateralization of the Wernicke area.
C erebral arteriovenous malformations (AVMs) are generally considered to be congenital vascular lesions that are characterized by direct communication of arteries to abnormal veins without interposing capillaries. 2, 5, 15 Although AVMs may grow in eloquent areas such as the language cortex, patients with an AVM usually do not present with neurological deficits unless it has ruptured. It has been postulated that when these lesions develop in the usual anatomical sites of eloquent cortex, neuroplasticity will result in cortical reorganization of the functional areas, with displacement to other regions. Therefore, function will not be impaired. 1 Unlike AVMs, most gliomas are thought to be acquired lesions, and the duration of illness is relatively short. Aphasia is a common presentation for patients with a glioma that involves language areas, and right-sided language dominance in right-handed patients is seldom reported. 4, 20, 25 Although language cortex reorganization in patients with an AVM has been studied, previous reports have focused on global lateralization indices (LIs) as a measure of language dominance. However, it has been reported that the Broca and Wernicke areas can be lateralized asymmetrically in the setting of intracranial lesions. 12, 19, 24 In such a case, studying the global LI alone, which could lead to wrong conclusions regarding language lateralization, might be inappropriate, because the activated voxels in different hemispheres will offset each other according to the formula of the LI. Therefore, we assessed the Broca and Wernicke areas separately in this study. Little is known about the difference in patterns of language cortex reorganization between patients with an AVM and those with a glioma.
In the clinic, blood oxygen level-dependent (BOLD) functional MRI (fMRI) is a useful and noninvasive method of mapping the location of eloquent areas. 12 It offers topographic maps of language function with very high sensitivity and acceptable specificity, even in patients with vascular malformations. 3, 17 In this study, we applied fMRI to study BOLD signal activations to evaluate language lateralization in 63 patients with an unruptured AVM and 38 patients with a glioma. In each type of case, LIs were calculated separately for the Broca and Wernicke areas, and the differences in language lateralization between the patients with an AVM and those with a glioma were studied systemically.
methods patient population
After the study was approved by the institutional review board of Beijing Tiantan Hospital, Capital Medical University, we retrospectively reviewed the medical records and imaging studies of 63 patients with a cerebral AVM (AVM group) and 38 patients with a glioma (glioma group) who underwent fMRI for preoperative evaluation between 2006 and 2013. All the patients were right handed, and their lesions were located in the frontal, temporal, or parietal lobe of the left hemisphere. Patients with an AVM and a history of rupture and hemorrhage were excluded from the study. All the patients were treated surgically, and their lesions were confirmed by pathology examinations.
In the AVM group, there were 31 male and 32 female patients. Their ages ranged from 11 to 57 years (mean 31 years). According to the Spetzler-Martin grading system,  there were 16 patients with Grade I, 23 with Grade II, 22 with Grade III, and 2 with Grade IV AVMs. The main clinical presentations included seizure in 43 patients, headache in 10, weakness of limbs in 2, aphasia in 3, and visual field deficits in 1; 4 patients were asymptomatic.
The glioma group enrolled 24 male and 14 female patients, and the mean age was 43 years (range 20-76 years). According to the World Health Organization (WHO) brain tumor grading system (2007), 8 10 patients were diagnosed pathologically with diffuse astrocytoma (WHO Grade II), 3 with oligodendroglioma (WHO Grade II), 12 with oligoastrocytoma (WHO Grade II), 1 with pleomorphic xanthoastrocytoma (WHO Grade II), 3 with anaplastic astrocytoma (WHO Grade III), 1 with anaplastic oligodendroglioma (WHO Grade III), 1 with anaplastic oligoastrocytoma (WHO Grade III), and 7 with glioblastoma (WHO Grade IV). The duration of the symptoms ranged from 1 to 32 months (mean [± SD] 7 ± 3 months). Fourteen patients presented with aphasia, 9 with headache, 9 with seizure, 4 with weakness of limbs, and 2 with paresthesia.
The patients were further categorized into 1 of the 2 following subgroups according to the location of their lesion: the BA subgroup (patients with a lesion involving the frontal lobe, overlying or adjacent to the inferior frontal or middle frontal gyri [the Broca area]) and the WA subgroup (patients with a lesion involving the temporal or parietal lobe, overlying or adjacent to the supramarginal, angular, or superior temporal gyri [the Wernicke area]). If a lesion occupied more than 1 lobe, its location was defined according to the location occupied by the largest proportion of the lesion. According to these criteria, there were 34 patients (54.0%) in the AVM-BA subgroup, 29 (46.0%) in the AVM-WA subgroup, 24 (63.2%) in the glioma-BA subgroup, and 14 (36.8%) in the glioma-WA subgroup.
fmri acquisition
A Siemens Medical Systems Trio 3.0-T MRI system equipped at the Beijing Brain MRI Center was used for fMRI signal acquisition. Each subject underwent localizing imaging followed by T2-weighted structural imaging; a T2-weighted functional image was acquired at the same location (T2-weighted gradient echo, echo-planar imag- sis of previous findings of greater regularity effects for higher-frequency words than for lower-frequency words, highly familiar Chinese words with a frequency of occurrence of no fewer than 25 per million (according to the Modern Chinese Frequency Dictionary) were used in this study. 21, 22 The stimuli were shown through an LED projector system. During the paradigm, a set of 2 trials (30 seconds each) was performed and interleaved with 3 control conditions (20 seconds each), in which the patient was instructed to maintain fixation on a crosshair. Before scanning, the patients were trained with the paradigm using stimuli different than those presented during the protocol, and they demonstrated their ability to perform the task.
fmri data analysis fMRI data were processed on a Matlab 7.0 workstation (MathWorks) using SPM 8 (London University) and xjView toolbox. Maps were generated by identifying every voxel that exceeded a predetermined significance threshold (p < 0.001) and overlaying these active voxels on T1-weighted structural images to display the anatomical location of brain activity.
Language cortex reorganization was studied in the Broca (inferior frontal and middle frontal gyri) and Wernicke (supramarginal, angular, and superior temporal gyri) areas separately. 19 The LI was used to quantify the degree of lateralization of BOLD signal activations. It was calculated for the Broca and Wernicke areas separately using the following formula: LI = (VL -VR)/(VL + VR), where VL is the number of voxels activated in the left hemisphere and VR is the number of voxels activated in the right hemisphere. Language activation was categorized as 1 of 3 patterns. An LI of less than or equal to -0.2 was considered right-sided lateralization of BOLD signals, an LI of greater than or equal to 0.2 seconds was considered left-sided lateralization, and an LI between -0.2 and 0.2 suggested no clear hemispheric preference. 12 For patients with an AVM, the lesion size, deep drainage veins, and Spetzler-Martin grade were determined from digital subtraction angiography and MRI. Lesion size was defined by the greatest diameter of the nidus.
fMRI data were used for intraoperative neuronavigation, and all 63 of the patients with an AVM and all 38 of the patients with a glioma were treated surgically.
statistical analysis
All statistical analyses were performed with SPSS (Windows version 18.0; IBM). The chi-square test for the R by C (row by column) contingency tables was performed to analyze the difference in BOLD signal lateralization between the AVM group and the glioma group, and lateralization of the Broca and Wernicke areas was analyzed separately. Differences between the BA and WA subgroups were analyzed further. In addition, the incidence of language dysfunction was also compared between the 2 groups using the chi-square test. Odds ratios with 95% CIs are presented. A p value of < 0.05 was considered statistically significant.
results avm group analysis
In the AVM group, right-sided BOLD signal lateralization was observed in 23 patients (36.5%) ( Table 1) . Five patients had right-sided lateralization in both the Broca area (LI = -0.48 ± 0.24) and Wernicke area (LI = -0.41 ± 0.14; In the BA subgroup, 10 (29.4%) of 34 patients had rightsided BOLD signal lateralization; 6 patients had right-sided lateralization in the Broca area alone, 1 in the Wernicke area alone, and 3 in both areas (Fig. 1) . Therefore, rightsided lateralization of the Broca area occurred in 9 patients (26.5%), and right-sided lateralization of the Wernicke area occurred in 4 patients (11.8%).
In the WA subgroup, 13 (44.8%) of 29 patients had rightsided BOLD signal lateralization; 11 patients (37.9%) had right-sided lateralization in the Wernicke area alone (Fig.  2) , and 2 patients (6.9%) had right-sided lateralization in both areas. No patient had right-sided lateralization in the Broca area alone. Thus, right-sided lateralization of the Broca area was observed in 2 patients (6.9%), and rightsided lateralization of the Wernicke area was noted in 13 patients (44.8%).
Moreover, we also studied the difference in right-sided lateralization of BOLD signal activations of language areas between the BA and WA subgroups. The results show that the incidence of right-sided activation of the Broca area was significantly higher in the BA subgroup (26.5%) than in the WA subgroup (6.9%) (c Language disorders were observed in 3 (4.8%) of 63 patients, including 2 patients in the WA subgroup who presented with fluent aphasia and 1 patient in the BA subgroup who presented with nonfluent aphasia. No significant difference in language dysfunction was observed between the 2 subgroups (c 2 0.020, p = 0.888).
glioma group analysis
In the glioma group, 6 (15.8%) of the 38 patients showed right-sided BOLD lateralization of the Wernicke area (LI = -0.40 ± 0.15; Fig. 3 ), including 2 patients in the BA subgroup and 4 patients in the WA subgroup (Table 1) . No patient had right-sided lateralization of the Broca area. Among the 26 patients with a low-grade glioma (WHO Grade I-II), right-sided activation of the Wernicke area was observed in 5 patients (19.2%), including 2 in the BA subgroup and 3 in the WA subgroup; of the 12 patients with a high-grade glioma (WHO Grade III-IV), only 1 (8.3%) in the WA subgroup had right-sided activation of the Wernicke area. No significant difference was detected between low-grade gliomas and high-grade gliomas (p = 0.643, Fisher exact test). Moreover, although the incidence of right-sided lateralization was higher in the WA subgroup (28.6%) than in the BA subgroup (8.3%), no significant difference was detected between the 2 subgroups (p = 0.167, Fisher exact test). The other factors were also not correlated with right-sided lateralization of BOLD signal activation, including tumor size (p = 0.430) and duration of symptoms (p = 0.132).
Language disorders were observed in 14 (36.8%) of the 38 patients, including 12 patents in the BA subgroup and 2 patients in the WA subgroup. All of these patients presented with nonfluent aphasia. The incidence of language dysfunction was significantly higher in the BA subgroup (50.0%) than in the WA subgroup (14.3%) (p = 0.039, Fisher exact test). In addition, although the incidence of language dysfunction was higher in patients with a highgrade glioma (5 in 7, 18, 20, 25 Language reorganization in patients with an AVM has been of particular concern, because an AVM located in the language cortex usually does not lead to aphasia unless it has ruptured. However, few studies have compared language cortex reorganization among patients with different pathological entities, especially between patients with an AVM and those with a glioma. Also, most
Fig. 1. MR images of a patient in the AVM-BA subgroup. Sagittal (a) and axial (b) T1-weighted MR images reveaing an AVM (asterisk) involving the Broca area. fMR images showing right-sided BOLD signal activation of both the Broca (c and d) and the
Wernicke (e and F) areas. previous studies focused on global LIs as a measure of language lateralization, and the Broca and Wernicke areas were seldom discussed separately. Therefore, we conducted this study to compare language cortex reorganization in a large series of patients with an AVM or a glioma, and we analyzed the Broca and Wernicke areas separately.
modalities for language mapping
Wada testing and electrocortical stimulation mapping (ESM) have long been considered the gold standards for assessing language dominance, but they are both invasive. Meanwhile, fMRI has emerged as the leading noninvasive modality for preoperative language mapping, although its accuracy remains a matter of debate. Some authors have questioned the accuracy of fMRI, especially in patients with an AVM. 23 They have hypothesized that AVMs can lead to a reduction of cerebral perfusion around extranidal tissues (arterial steal) and result in abnormal fMRI results because BOLD fMRI depends on blood oxygen levels. 23 However, most studies that focused on comparing fMRI and ESM have shown that fMRI is actually a very sensitive imaging modality, even in patients with vascular malformations. 3, 17 For example, Pouratian et al. 17 analyzed the results of BOLD fMRI and ESM in 7 patients with AVMs and 3 patients with cavernous malformations; they demonstrated a high sensitivity (range 96.2%-100%) and an acceptable specificity (range 66.7%-69.8%) of fMRI. Lee et al. 12 analyzed fMRI data from 15 patients with AVMs and 7 with cavernous malformations, 8 of whom underwent the Wada tesing. Language lateralization results of fMRI were identical to those of the Wada tests in each of the 8 patients. Also, their results showed that the overall activation patterns were equivalent in right-and leftdominant patients, and there was a statistically significant increased number of right-hemisphere-activated voxels in the right-sided lateralization cases, which indicates that the right-sided lateralization on fMRI was true rather than an imaging-related artifact. Therefore, considering its high sensitivity and acceptable specificity, fMRI was employed for preoperative language mapping in our department.
dominant language areas on fmri
It has been noticed that the Broca and Wernicke areas can be lateralized asymmetrically in the setting of intracranial pathological entities. 24 In this study, a total of 29 patients had right-sided language lateralization; we observed 24 patients (82.8%) whose Broca and Wernicke areas were lateralized asymmetrically, including 18 patients with an AVM and 6 patients with a tumor. Similarly, in the Lee et al. 12 study, 3 (60.0%) of 5 right-dominant patients had asymmetrically lateralized language areas. The high ratio suggests that studying the global LI alone is inappropriate in the setting of intracranial lesions, which might lead to wrong conclusions regarding language lateralization, because the activated voxels in different hemispheres will offset each other according to the LI formula.
It is interesting to note that a significant difference in BOLD signal activation was observed in patients with an AVM with the nidus in the left frontal area (BA subgroup) and the temporal area (WA subgroup). More specifically, right-sided lateralization of the Broca area was significantly more common in the BA subgroup (26.5%) than in the WA subgroup (6.9%) (p = 0.041); likewise, rightsided lateralization of the Wernicke area was significantly more common in the WA subgroup (44.8%) than in the BA subgroup (11.8%) (p = 0.003). In other words, a nidus near the Broca area mainly leads to right-sided lateralization of the Broca area, and a nidus near the Wernicke area mainly leads to right-sided lateralization of the Wernicke area. This "mirror phenomenon" suggests that the homologous language areas in the nondominant hemisphere play similar roles when the corresponding language area in the dominant hemisphere is impaired. However, this phenomenon was not observed in the patients with a glioma. We think that the possible reason is that the language areas may have been well reorganized in patients with an AVM but poorly reorganized in the patients with a glioma. In this series, no patient with a glioma had right-sided activation of the Broca area, so this phenomenon was not observed. In a previous study, Wang et al. 25 analyzed the fMRI findings in 43 patients with a brain tumor (31 in the left hemisphere and 12 in the right hemisphere), and they found that the tumors in the left frontal region affected both the Broca and the Wernicke areas, whereas tumors in the left temporal lobe affected mainly the Wernicke area. The difference between the 2 studies might be attributable to statistical methods and different pathologies, because their brain tumor diagnoses were based on MR images rather than pathology examinations.
A difference in patterns of language reorganization may be expected between high-grade and low-grade gliomas. In general, growth and progression of a low-grade glioma take longer than a high-grade glioma. Low-grade gliomas in the left hemisphere can cause slow destruction of language areas while leaving language function relatively intact as other brain regions develop or "rewire" to compensate for the loss of language functions in primary language areas. However, high-grade gliomas grow fast, and it is more common for them to cause function deficits. 6, 14 In this study, the incidence of language dysfunction was higher in patients with a high-grade glioma (41.7%) than in patients with a low-grade glioma (34.6%), and right-sided lateralization was more common with low-grade gliomas (19.2%) than with high-grade gliomas (8.3%). However, no significant difference was detected in either the clinical presentations or the fMRI findings. We believe that the possible reason is the sample size. Although we enrolled a large series of patients, the right-sided lateralization of language areas in the glioma group was rare. Therefore, the number of patients with right-sided activation shown with fMRI was relatively too small to study the difference between high-grade and low-grade gliomas, which may lead to false-negative findings.
comparison between the avm and glioma groups
In this study, right-sided lateralization of BOLD signal activations was observed in both the AVM group and the glioma group, suggesting that language cortex reorganization may occur in the setting of AVMs and gliomas. The incidence of right-hemisphere lateralization was significantly higher in the AVM group than in the glioma group (p = 0.026). Meanwhile, language dysfunction was more common in the glioma group (36.8%) than in the AVM group (4.8%) (p < 0.001). All these results show that patients with an AVM have a greater capacity for language cortex reorganization than patients with a glioma. We speculate that this difference in patterns of language cortex reorganization is a result of several reasons. First and foremost, the stage of lesion development might be a factor that affects the potential for language reorganization. Although the exact period in which cerebral AVMs occur is still controversial, and some studies have suggested that they develop postnatally, there is a consensus that AVMs develop in early life. 9, 13 On the contrary, gliomas are acquired and mainly develop in adult patients. Also, the patients with a glioma who were enrolled in this study were all adults. Thus, we believe that the probable reason is that the brain possesses greater plasticity in its immature than in its mature state, which has been demonstrated by animal experiments that showed that the recovery of function is generally greater when brain damage occurs early in life rather than in adulthood. 16 Consequently, when AVMs develop in the anatomical site of eloquent cortex in early life, neuroplasticity will result in cortical reorganization of the functional areas, with displacement to homologous regions on the contralateral side. Therefore, language function will seldom be impaired. 1 Second, the duration of illness might be another reason. Unruptured AVMs are a chronic disease with a long duration of illness, whereas the course of tumors is relatively short. Thus, we speculate that the brain has a greater ability to reorganize in the setting of a chronic disease rather than of an acute disease. In addition, the differential effect on language lateralization may be a result of histopathological differences between AVMs and tumors. AVMs are characterized by massive abnormal vessels, and there is usually normal brain parenchyma within the nidus. Also, a mass effect seldom occurs unless an AVM has ruptured. On the contrary, although gliomas may have abnormal tumor vessels, they are different from those of AVMs, which are composed of feeding arteries, malformed vessels, and draining veins. Also, there is no normal brain parenchyma within the tumors, and a mass effect usually exists. We believe that all of these factors may result in the difference in patterns of language cortex reorganization in patients with a cerebral AVM and those with a glioma.
limitations of study
The present study has several limitations. First, it was a retrospective research study with limitations inherent to such a study design. Second, although we enrolled a large series of 63 patients with an AVM and 38 patients with a glioma, the sample size of the glioma group is too small to study the difference between high-grade and low-grade gliomas, which may lead to false-negative findings. Third, this was an fMRI study, and confirmatory tests (ESM and Wada testing) were not conducted, but they would have been useful for corroborating the results. Furthermore, only a silent reading task was performed by the patients in this study. Although activations of both the Broca and the Wernicke areas were observed in all the patients, multiple tasks can activate different aspects of the language network, and the results of multiple tasks may make our conclusions more accurate and more reliable. Overall, additional studies with larger series of patients undergoing both multiple-task fMRI and confirmatory tests (ESM and Wada testing) are needed to confirm our conclusions.
conclusions
Patients with a cerebral AVM and those with a glioma had right-sided lateralization of BOLD signal activations, which suggests that language cortex reorganization may occur with both diseases. However, the potential for reorganization in patients with a glioma seems to be insufficient compared with that in patients with an AVM, as suggested by both clinical manifestations and fMRI findings. Moreover, our study results seem to indicate that in patients with an AVM, a nidus near the Broca area mainly leads to right-sided activation of the Broca area, whereas a nidus near the Wernicke area mainly leads to right-sided activation of the Wernicke area. Patients with a glioma did not show this phenomenon, and no significant difference in right-sided lateralization was detected between lowgrade and high-grade gliomas.
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